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In this paper, we computationally generate hypotheses for dose-finding studies in the context of 12 desynchronizing neuromodulation techniques. Abnormally strong neuronal synchronization is a 13 hallmark of several brain disorders. Coordinated Reset (CR) stimulation is a spatio-temporally 14 patterned stimulation technique that specifically aims at disrupting abnormal neuronal synchrony. In 15 networks with spike-timing-dependent plasticity CR stimulation may ultimately cause an anti-16 kindling, i.e. an unlearning of abnormal synaptic connectivity and neuronal synchrony. This long-17 lasting desynchronization was theoretically predicted and verified in several pre-clinical and clinical 18 studies. We have shown that CR stimulation with rapidly varying sequences (RVS) robustly induces 19 an anti-kindling at low intensities e.g. if the CR stimulation frequency (i.e. stimulus pattern repetition 20 rate) is in the range of the frequency of the neuronal oscillation. In contrast, CR stimulation with 21 slowly varying sequences (SVS) turned out to induce an anti-kindling more strongly, but less 22
robustly with respect to variations of the CR stimulation frequency. Motivated by clinical constraints 23 and inspired by the spacing principle of learning theory, in this computational study we propose a 24 short-term dosage regimen that enables a robust anti-kindling effect of both RVS and SVS CR 25 stimulation, also for those parameter values where RVS and SVS CR stimulation previously turned 26 out to be ineffective. Intriguingly, for the vast majority of parameter values tested, spaced multishot 27 CR stimulation with demand-controlled variation of stimulation frequency and intensity caused a 28 robust and pronounced anti-kindling. In contrast, spaced CR stimulation with fixed stimulation 29 parameters as well as singleshot CR stimulation of equal integral duration failed to improve the 30 stimulation outcome. In the model network under consideration, our short-term dosage regimen 31 enables to robustly induce long-term desynchronization at comparably short stimulation duration and 32 low integral stimulation duration. Currently, clinical proof of concept is available for deep brain CR 33 stimulation for Parkinson's therapy and acoustic CR stimulation for tinnitus therapy. Promising first 34 in human data is available for vibrotactile CR stimulation for Parkinson's treatment. For the clinical 35 development of these treatments it is mandatory to perform dose-finding studies to reveal optimal 36 stimulation parameters and dosage regimens. Our findings can straightforwardly be tested in human 37 dose-finding studies. 38
Introduction 41
To establish a pharmacological treatment for clinical use, in humans typically a 4-phase sequence of 42 clinical trials is performed (Friedman et al., 2010) . In pre-clinical studies pharmacokinetic, toxicity 43 and efficacy are studied in non-human subjects. In first in human-studies (phase I) safety and 44 tolerability of a drug are studied in healthy volunteers. Proof of concept studies (phase IIA) 45 determine whether a drug can have any efficacy, whereas dose-finding studies (phase IIB) are 46 performed to reveal optimum dose at which a drug has biological activity with minimal side-effects. 47 Effectiveness and the clinical value of a new intervention are studied in a randomized controlled trial 48 (phase III), compared with state of the art treatment, if available. Finally, post-marketing surveillance 49 trials (phase IV) are performed to detect rare or long-term adverse effects within a much larger 50 patient population and over longer time periods. There might also be combinations of different 51 phases. 52
In principle, this 4-phase pattern is also valid for medical technology, e.g. neuromodulation 53
technologies. However, if neuromodulation technologies aim at the control of complex dynamics of 54 e.g. neural networks, different parameters and dosage regimens may have complex, non-linear and 55 even counterintuitive effects, see e.g. ( finding studies simply by trial and error may be impossible because of the substantial parameter 59 space to be tested, with trial durations and related costs getting out of hands. 60
The development of proper dosage strategies and regimens enables favorable compromises 61 between therapeutic efficacy and detrimental factors such as side-effects or treatment duration. This 62 is relevant, e.g. for the development of pharmaceutical (Williams, 1992 Coordinated reset (CR) stimulation (Tass, 2003a; Tass, 2003b) was computationally developed to 69 specifically counteract abnormal neuronal synchrony by desynchronization. CR stimulation uses 70 sequences of stimuli delivered to neuronal sub-populations engaged in abnormal neuronal 71 synchronization (Tass, 2003a; Tass, 2003b) . As shown computationally, in neuronal populations with 72 spike-timing-dependent plasticity (STDP) (Gerstner et al., 1996; Markram et al., 1997; Bi and Poo, 73 1998) CR stimulation may have long-lasting, sustained effects (Tass and Majtanik, 2006; Hauptmann 74 and Tass, 2007; Popovych and Tass, 2012) . This is because in the presence of STDP, CR stimulation 75 reduces the rate of coincidences. Accordingly, the network may be shifted from an attractor with 76 abnormal synaptic connectivity and abnormal neuronal synchrony to an attractor with weak 77 connectivity and synchrony (Tass and Majtanik, 2006;Hauptmann and Tass, 2007;Popovych and  78 Tass, 2012). This process was termed anti-kindling (Tass and Majtanik, 2006 For instance, unilateral CR stimulation of the STN of parkinsonian MPTP monkeys, delivered for 87 only 2 h per day during 5 consecutive days led to significant and sustained bilateral therapeutic after-88 effects for at least 30 days, whereas standard HF DBS had no after-effects (Tass et al., 2012b Instead of one  140  singleshot CR stimulation we deliver the identical CR shot five times, where the duration of each  141  single pause equals the duration of each identical singleshot. Intersecting singleshot stimuli by pauses  142 to increase stimulation efficacy, resembles the so-called spacing principle, a learning-related 143 mechanism that is well-established in psychology (Ebbinghaus et al., 1913) , education (Kelley and  144 Whatson, 2013), and neuroscience (Naqib et al., 2012) . According to the spacing principle, learning 145 effects can be enhanced by delivering a stimulus in a spaced manner, as opposed to administering a 146 massed stimulus in a single long stimulation session. Computationally, it was shown that subcritical 147 CR stimulation at subcritical (ineffective) intensities may become effective if intersected by rather 148 long pauses and delivered sufficiently often, e.g. eight times (Popovych et al., 2015) . However, 149
shorter pauses were not sufficient (Popovych et al., 2015) . As yet, spaced CR stimulation at 150 supercritical intensities was not studied. Here, we focus on comparably short stimulation protocols. Overall, Protocol D is shorter than Protocol C, but uses the same integral stimulation duration as in 179
Protocols A-C. 180 CR stimulation and, especially, SVS CR stimulation has pronounced periodic characteristics. 181
Accordingly, the CR stimulation frequency turned out to be a sensitive parameter, in particular, for 182 SVS CR stimulation [see (Manos et al., 2017) ]. For this reason, for stage (i) of Protocol C and D we 183 perform a demand-controlled variation of the CR stimulation frequency to prevent from, e.g. 184 unfavorable resonances or phase locking dynamics. Note these demand-controlled changes of the CR 185 stimulation frequency are mild and hardly change the networks' firing rates. 186
In this study, we test the performance of the different Protocols A-D by selecting unfavorable 187 stimulation parameters, which render CR stimulation ineffective according to (Manos et al., 2017) . 188
By design, Protocols C and D work well for all parameter pairs ( , ) related to effective singleshot 189 CR stimulation. In that case, CR stimulation actually ceases due to lack of demand. Note, in all four 190 stimulation protocols we keep the stimulation intensity fixed. Only Protocols C and D require 191 feedback of the stimulation outcome 192
This paper is organized as follows: in the Materials and Methods section we briefly describe the 193 computational model, the neural network (and its initialization), the synaptic plasticity rule, the CR 194 stimulation, the analysis methods used throughout the paper as well as the summary of the CR 195 frequency and intensity global trends which were thoroughly studied in (Manos et al., 2017) . In the 196
Results section, we present all the different Protocols in detail and our main findings regarding their 197
comparison. Finally, in the Discussion section, we discuss our findings and set this work in more 198 general perspective, related to medical applications. 199 200 (1 ) 227
Materials and Methods
Initially we draw ∈ [0 , 1 ] (randomly from a uniform distribution). The coupling term S i from 228
Equation 1a [see (Popovych and Tass, 2012) ] contains a weighted ensemble average of all 229 postsynaptic currents received by neuron from the other neurons in the network:
, where , is the reversal potential of the synaptic coupling (20 mV 231 for excitatory and -40 mV for inhibitory coupling), and is the synaptic coupling strength from 232 neuron j to neuron i. There are no neuronal self-connections within the network ( = 0 mS/cm 2 ). 233
The variable:
describes the spatial profile of coupling between neurons i and j and is of a Mexican hat-type (Wilson 236 and between neurons i and j, while = 0 ( − 1) ⁄ determines the distance on the lattice between two 239 neighboring neurons within the ensemble. 0 is the length of the neuronal chain ( 0 = 10). 1 = 3.5, 240
and 2 = 2.0. In order to limit boundary effects, we consider that the neurons are distributed in such 241 a way that the distance is taken as:
Spike-Timing-Dependent Plasticity 244
The synaptic weights are dynamical variables that depend on the time difference, ∆ = − , 245
between the onset of the spikes of the post-synaptic neuron and the pre-synaptic neuron , denoted 246 by and , according to (Bi and Poo, 1998; Popovych and Tass, 2012) : 247 is the lattice distance between two neighboring neurons, and = 0.08 the spatial decay rate of the 269 stimulation current [see (Popovych and Tass, 2010) for details]. Thus, the total stimulation current 270
where = 20 mV is the 271 excitatory reverse potential, and the stimulation intensity .  272  273  274  275 Macroscopic measurements 276 We measure the strength of the coupling within the neuronal population at time t by calculating 277 their total synaptic weight (averaged over the neuron population)
where is defined in Equation 2, sgn is the sign-function, while is 279 calculated by averaging over the last 100 • . The extent of in-phase synchronization within the 280 network is assessed by the order parameter (Haken, 1983; Kuramoto, 2012 )
approximation of the phase of neuron j between its ℎ and ( + 1) ℎ spikes at spiking times , 283 and , +1 . ( ) = 1 for complete in-phase synchronization, and ( ) = 0 in the absence of in-phase 284 synchronization. Because of strong fluctuations of the order parameter, we calculate the moving 285 average < > over a time window of 400 • , to investigate the time evolution of the order 286
parameter. Moreover, we use the quantity , which is the order parameter ( ) averaged over the 287 last 100 • of a pause following a CR shot or of the end of the post-stim epoch. For the statistical 288 description and analysis of the non-Gaussian distributed data (n = 11 samples), we use boxplots 289 (Tukey, 1977) . Their Inter-Quartile Range measures the statistical dispersion around the median, 290
which is defined as width of the middle 50% of the distribution and is represented by a box. It is also 291 used to determine outliers in the data: an outlier falls more than 1.5 times IQR below the 25% 292 quartile or more than 1.5 times IQR above the 75% quartile. 293 294 295
Dependence of CR stimulation outcome on CR stimulation frequency and intensity 296
This section provides a short overview of the results of a study where CR stimulation frequency and 297 intensity were varied in detail (Manos et al., 2017) . That study revealed the dependence of the 298 outcome of RVS and SVS CR on the CR stimulation frequency and intensity and, in particular, 299 possible limitations thereof, especially for SVS CR stimulation. Based on these limitations, the 300 present study presents an approach that enables to overcome these issues. 301
In the present study, for each initial network condition and its corresponding parameters (simply 302 denoted as network), we apply RVS and SVS CR stimulation with different realizations of the CR 303 sequence orders per network. We start the simulations with an equilibration phase without STDP, 304
which lasts for 2 s. From this point on, the network evolves in the presence of STDP, starting with a 305 60 s integration with STDP only (i.e. without stimulation), where a rewiring of the connections takes 306 place, resulting in a strongly synchronized state with intrinsic firing rate f int ≈ 71.4 Hz 307 (corresponding to a period of int = 14 ms). We then run four different CR stimulation protocols, 308 resetting the starting time to = 0 s. We 
Simulation Description 354
We investigate two singleshot and two multishot, spaced CR stimulation protocols (Figure 2) . 355 The multishot Protocols A and C consist of five single CR shots of 128 s duration, each followed by 356 a pause of 128 s, respectively (Figures 2A,2C) In contrast, in Protocol C at the end of each pause the amount of synchrony is evaluated in a time 362
window of 100 stimulation periods length (Figure 2) and a three-stage control scheme is put in place: 363 (i) If the amount of synchrony does not fall below a pre-defined threshold, the CR stimulation 364 frequency is mildly varied. (ii) If the desynchronization effect is moderate, the CR stimulation 365 frequency remains unchanged. (iii) If desynchronization is achieved, the stimulation intensity is set to 366 zero for the subsequent shot. Analogously, in Protocol D at the end of each single shot the amount of 367 synchrony is evaluated in a time window of 100 stimulation periods length (Figure 2 ) and the three-368 stage control scheme is executed. The difference between Protocol C and D is that the evaluation for 369 the control intervention is performed in a pause subsequent to a single shot (Protocol C) as opposed 370
to during a single shot (Protocol D). 371
For the stage (i) control, the variation of the CR stimulation frequency is not adapted to frequency 372 characteristics of the neuronal network. Rather a minor variation of the CR stimulation frequency is 373 performed to make a fresh start with the subsequent single CR shot. These minor changes of the CR 374 stimulation frequency do not lead to changes of the neurons' intrinsic firing rates of more than ±3%. 375
Due to the stage (iii) control, the demand-controlled shutdown of CR stimulation, the maximum 376 integral stimulation duration of Protocol C and D can reach the level of Protocols A and B, but may 377 well fall below. We use the order parameter to assess the amount of synchronization (see Materials 378
and Methods). stimulation protocol all stimulation parameters are kept constant (Figure 2) . Accordingly, the CR 388 stimulation period remains constant, too. We study the stimulation outcome of only five 389 symmetrically spaced consecutive single CR shots. To this end, for both RVS CR and SVS CR 390 stimulation we consider two unfavorable parameter pairs of fixed CR stimulation period and 391 intensity, respectively. One example refers to cases where CR stimulation induces acute effects, but 392 no long-lasting desynchronizing effects (Cases I and IV). The other example concerns the case where 393 CR stimulation causes neither acute nor long-lasting desynchronizing effects in a reliable manner 394 (Cases II and III). 395 RVS CR stimulation: Case I: ( , ) = (0.30,11). At a stimulation duration of 128 s these 396 parameters caused only an acute, but no long-lasting desynchronization in the majority of networks 397 studied [ Figure 4B of (Manos et al., 2017) , where = 11 ms corresponds to ~127% of the intrinsic 398 firing rate (or ~91 Hz)]. Case II: ( , ) = (0.20,28).
In the majority of networks tested, these 399 parameters did neither lead to acute nor long-lasting desynchronization after administration of a 400 single CR shot [ Figure 5B of (Manos et al., 2017) where = 28 ms corresponds to ~50% of the 401 intrinsic firing rate (or ~36 Hz)]. For both cases, we investigate the order parameter < > averaged 402 over a sliding window for 11 different networks (marked with different color/line types) ( Figures  403  2A,2C) . Boxplots of the order parameter averaged over a window of length 100 • at the end of 404 each pause demonstrate the overall stimulation outcome for all tested 11 networks (Figures 2B,2D) . 405
Case I: RVS CR stimulation induces a desynchronization during the CR shots ( Figure 3A) , but no 406 reliable, long-lasting desynchronization in the subsequent pauses (Figure 3B) . The spacing protocol 407
with five identical RVS CR shots does not significantly improve the desynchronizing outcome of a 408 single RVS CR shot. In fact, in the boxplots the large dispersion around the median value remains 409 almost unchanged in the course of this protocol (Figure 3B ). Case II: Neither during the RVS CR 410
shots nor during the subsequent pauses a sufficient desynchronization is observed (Figures 2C,2D) .
411
The spacing protocol does not cause an improvement of the stimulation outcome in this case, too 412
( Figure 3D) . cases we performed the same analysis as shown in Figure 3 . 431
Case III: SVS CR stimulation neither induces a pronounced and reliable desynchronization during 432 the CR shots ( Figure 4A ) nor during the pauses (Figure 4B) . In fact, the dispersion around the 433 median value is increased during the fourth and fifth pause (Figure 4B) . 434
Case IV: During the SVS CR shots a desynchronization occurs (Figure 4C) . However, no reliable 435 and pronounced desynchronization is observed during the pauses (Figure 4D) . 436 In summary, for both RVS CR and SVS CR stimulation the spacing protocol with five consecutive 437 CR shots does not cause an improvement of the long-lasting desynchronization (assessed after 438 cessation of stimulation). We performed the same analysis for a larger set of ( , ) pairs in the 439 parameter plane analyzed in (Manos et al., 2017) , with K ranging from 0.2 to 0.3 (weak intensities) 440 and ranging from 9 ms to 28 ms (around the intrinsic period). For all parameter pairs tested, the 441
spacing Protocol A did not improve the long-term desynchronization effect. 442 CR shots of 128 s duration each (Figures 1-3) , we deliver one fivefold longer singleshot of 5 x 128 s 452 duration (Figure 2) . For both RVS CR and SVS CR stimulation we consider the corresponding two 453 unfavorable parameter pairs of fixed CR stimulation period and intensity already studied above 454
(Cases I-IV). This is to study whether a fivefold prolongation of the stimulation duration leads to an 455 improvement of the stimulation outcome. 456 RVS CR stimulation: For comparison, we consider the cases studied above. Case I: ( , ) = 457 (0.30,11). Case II: ( , ) = (0.20,28). We study the order parameter < > averaged over a 458 sliding window for 11 different networks (marked with different color/line types in Figure 5A ). The 459
overall stimulation outcome for all tested 11 networks is illustrated with boxplots of the order 460 parameter averaged over a window of length 100 • at the end of the post-stimulus epoch 461 (Figure 5B) . 462
Case I: RVS CR stimulation induces a desynchronization during the long RVS CR singleshot 463 (Figure 5A) , but no reliable, long-lasting desynchronization in the subsequent pauses (Figure 5B) . 464 The median of the order parameter of the long-term outcome hardly changes, but the dispersion is 465 significantly greater for the post-stim order parameter (Figure 5B) . Note, the overall long-term 466 desynchronization for the long singleshot (Figure 5B) is more pronounced compared to the spaced 467 RVS CR stimulation Protocol A (Figure 3B) . 468
Case II: Neither during the long RVS CR singleshot nor during the subsequent stimulation-free 469 epoch a reliable and pronounced desynchronization is observed (Figures 4C,4D) . Interestingly, the 470 network that undergoes an acute desynchronization during the singleshot relaxes back to a 471 synchronized state (Figure 5B, green curve) . Conversely, the only network that displays a long-term 472 desynchronization does not undergo a pronounced desynchronization during the singleshot ( Figure  473 5B, magenta curve). parameter < > (Figures 5A,5C ) and the corresponding boxplots of the order parameter 486 averaged over a window of length 100 • at the end of the post-stimulus epoch ( Figures  487  5B,5D ) for 11 different networks (marked with different color/line types) for the cases studied above. 488
Case III: ( , ) = (0.20,9). Case IV: ( , ) = (0.20,14). 489
Case III: In the majority of networks SVS CR stimulation does not induce a pronounced and 490 reliable desynchronization during the fivefold longer SVS CR singleshot as well as in the post-stim 491 epoch (Figure 6A) . Three out of 11 networks display a pronounced acute and long-lasting 492 desynchronization (Figure 6A) . Accordingly, the dispersion around the median is large during and 493 after the singleshot (Figure 6B) . 494 Case IV: During the long SVS CR singleshot a pronounced desynchronization occurs ( Figure  495  6C) , as reflected by the small dispersion around the small median in the corresponding boxplot 496 (Figure 6D) . However, in the post-stimulation epoch most of the networks relax to a synchronized 497 state, with only a few networks remaining in a long-term desynchronized state (Figure 6D) . 498 Accordingly, there is a large dispersion around a large median in the boxplot (Figure 6D) . 499 In summary, for both RVS CR and SVS CR stimulation the fivefold increase of the stimulation 500 duration does not lead to a reliable and pronounced long-lasting desynchronization. Again, we 501 performed the same analysis for a larger set of ( , ) pairs in the parameter plane analyzed in 502 (Manos et al., 2017) , with K ranging from 0.2 to 0.3 (weak intensities) and ranging from 9 ms to 503 28 ms (around the intrinsic period value). For all parameter pairs tested, the spacing Protocol B did 504 not lead to a reliable and pronounced long-term desynchronization. 505 . Same format as in Figure 3 . 514
Protocol C: Spaced multishot CR stimulation with demand-controlled variation of stimulation 515
period and intensity. We study the stimulation outcome of only five symmetrically spaced 516 consecutive single CR shots with stimulation period Ts and intensity varied according to a three-stage 517 control scheme. To this end, for both RVS CR and SVS CR stimulation we consider two unfavorable 518 parameter pairs of fixed CR stimulation period and intensity, respectively. One example refers to 519 cases where CR stimulation induces acute effects, but no long-lasting desynchronizing effects (Cases 520 I and IV). The other example concerns the case where CR stimulation causes neither acute nor long-521 lasting desynchronizing effects in a reliable manner (Cases II and III). We consider a regular and a 522 random type of demand-controlled variation of the CR stimulation period . Note, in both cases the 523 CR stimulation period is not adapted to frequency characteristics of the network. We consider the 524 time courses of the time-averaged order parameter < > and , the order parameter averaged 525 over a window of length 100 • at the end of pause. 526
Demand-controlled regular variation of the CR stimulation period and demand-controlled 527 variation of the intensity: At the end of each pause we calculate the order parameter averaged 528 over a window of length 100 • . We vary the CR stimulation period and intensity according to the 529 amount of synchrony, based on a three-stage control scheme: 530 (i) Insufficient desynchronization: If > 0.4, we decrease the CR stimulation period of the 531 subsequent RVS shot by ( + 1) = ( ) −1 ms, where the index j stands for the j-th 532 CR shot. As lower bound we set = 9 ms (corresponding to ~156% of the intrinsic 533 firing rate), in order to avoid undesirably high CR stimulation frequencies. In a previous 534 computational study the latter turned out to be unfavorable for desynchronization [see 535 (Manos et al., 2017) ]. As soon as reaches its lower bound of 9 ms, it is reset to 536
(1) + 1 ms. reliably induces a desynchronization for all networks tested (Figures 6A,6C) . After the second RVS 546 CR shot the median of the time-averaged order parameter at the end of the corresponding pauses 547 falls below 0.4, with moderate dispersion (Figures 6B,6D) . Note, already after the first mild 548 variation of the CR stimulation period the amount of synchrony is significantly reduced. In several 549 networks and pauses, the desynchronization criterion, < 0.2, is fulfilled, so that during the 550 subsequent CR shots no stimulation is delivered (Figures 6A,6C) . Accordingly, Protocol C enables 551 to reduce the integral amount of stimulation. 552 
Spaced multishot SVS CR stimulation with demand-controlled regular variation of the stimulation 566 period Ts and demand-controlled variation of the intensity: This protocol causes a desynchronization 567
for all networks tested in both Cases (III and IV) (Figures 7A,7C) . After the third (Case III, Figure  568 7B) or the second SVS CR shot (Case IV, Figure 7D ) a pronounced desynchronization is achieved, 569
as reflected by a median of close to 0.2 (Figures 7B,7D) . Accordingly, about half of the 570 networks fulfilled the desynchronization criterion < 0.2 after the third SVS CR shot and, hence, 571 did not require further CR stimulation. The mean firing rate, measured at the end of each pause did 572 not deviate from the baseline firing rates by more than ±3%, irrespective of the extent of protocol-573 induced variation of the stimulation period (data not shown). We do not adapt the CR stimulation period to frequency characteristics of the stimulated 586 network. To further illustrate this aspect, we replace a regular, increasing or decreasing variation of 587 the stimulation period by a random variation. 588
Demand-controlled random variation of the CR stimulation period and demand-controlled 589 variation of the intensity: Again, at the end of each pause we calculate the order parameter 590 averaged over a window of length 100 • . A random variation of the CR stimulation period is 591 performed, depending on the amount of synchrony detected. To this end, we select the interval 592
[ (1) − 4 ms, (1) + 4 ms], where (1) denotes the CR stimulation period of the first shot. By 593 design, this interval has a lower bound at 9 ms. The three-stage control scheme is governed by: 594
(i) Insufficient desynchronization: If > 0.4 at the end of the pause of the j-th CR shot, 595
we randomly pick ( + 1) and skip inefficient values used before. 596
(ii) Moderate desynchronization: If 0.2 ≤ ≤ 0.4, we preserve the CR stimulation period 597
for the subsequent CR shot: ( + 1) = ( ), where the index j denotes the j-th CR shot. 598 (iii) Sufficient desynchronization: If < 0.2, the CR stimulation is suspended for the 599 subsequent shot by setting = 0 for the next shot and until 0.2 ≤ . 600
The feasibility of this protocol is demonstrated by considering one example for RVS CR 601 stimulation (Case II, Figure 7) and one for SVS CR stimulation (Case IV, Figure 9 ). For both cases 602
we additionally provide the mean firing rate of the networks at the end of each shot and at the end of 603 each subsequent pause to demonstrate that deviations do not exceed ±3% (Figures 8C,9C) . In the 604 RVS case (Figure 9) , the time course of the order parameter < > (Figure 9A ) and the 605 corresponding boxplots of ( Figure 9B) display a similar pattern of reliable desynchronization as 606
obtained by Protocol C with regular variation of the CR stimulation duration (Figure 7) . In 607 principle, the SVS case (Figure 10) provides similar findings as with a regular variation of the CR 608 stimulation duration (Figure 7) . However, one network relaxes back to a strongly synchronized 609 state (Figure 10A, dashed blue line) . Delivering a sixth SVS CR shot with randomly varied to that 610 network caused a desynchronization (data not shown). This example illustrates that a sequence of 611 five SVS CR shots might not be sufficient to induce desynchronization in all possible networks. 612 consecutive RVS CR shots. The CR stimulation period is randomly varied depending on , by 617 randomly picking a value from a narrow interval around the start period (see text shot) and stimulation period used for each CR shot (indicated by red bars) together with the mean 623 firing rate of the network at the end of each CR shot ("ON") and at the end of the subsequent pause 624
("OFF"). The mean firing rate was strongly fluctuating and, hence, calculated in a window of for the time-averaged order parameter at the end of each pause, illustrate the overall outcome for 633 all tested 11 networks. (C) For each (vertically aligned) network the table presents CR intensity ( = 634 0.2 if CR is ON or = 0 if CR is OFF during a CR shot) and stimulation period used for each CR 635 shot (indicated by red bars) and the mean firing rate of the network at the end of each CR shot 636 ("ON") and at the end of the subsequent pause ("OFF"). Case IV stimulation parameters are 637 unfavorable for anti-kindling: ( , ) = (0.20,14) (see text). Same format as in Figure 9 . 638 In summary, for the five-shot RVS CR as well as SVS CR stimulation Protocol C with regular as 639 well as random variation of the CR stimulation duration we observed a pronounced 640 desynchronization, with the exception of one network (Figure 10A , dashed blue line). Our analysis 641 was performed for a larger set of ( , ) pairs in the parameter plane analyzed in (Manos et al.,  642 2017), with K ranging from 0.2 to 0.3 (weak intensities) and ranging from 9 ms to 28 ms (around 643 the intrinsic period). For all parameter pairs tested, the spacing Protocol C with regular and random 644 variation of led to a reliable and pronounced long-term desynchronization in the vast majority of 645 networks tested. 646 647
Protocol D: Long singleshot CR stimulation with demand-controlled variation of the 648 stimulation frequency. Protocol D consists of five consecutive shots. Unlike in Protocol C, there 649 are no pauses between the five consecutive shots, so that they form one long singleshot. 650
Demand-controlled regular variation of the CR stimulation period and demand-controlled 651
variation of the intensity: At the end of each shot we calculate the order parameter averaged over 652 a window of length 100 • . We vary the CR stimulation period and intensity according to the 653 amount of synchrony, based on the three-stage control scheme as used for Protocol C (see above). 654
Long singleshot RVS CR stimulation with demand-controlled variation of the stimulation 655 frequency. In Case I this protocol seems to perform similarly well (Figures 11A,11B) as Protocol C 656 (Figures 7A,7B) and Protocol B (Figures 5A,5B) which is also an alternative long singleshot but 657 with fixed . After the second RVS CR shot almost all networks reach a moderate or sufficient 658 desynchronization which is maintained fairly well after the RVS CR is ceased. Nonetheless, this 659 particular protocol does not perform equally well for Case II (Figures 11C,11D) . Even in the cases, 660
where the variation of leads to some improvement, the overall long-lasting effect is worse than 661
with Protocol C (Figures 7C,7D) . 12A,12B) . In fact, this is partly due to the fact that in some cases the network gets trapped in an 676 unfavorable parameter variation loop, bouncing between = 9 ms and = 10 ms. In Case IV 677 (Figure 12C,12D ) the global evolution is quite similar to the one found for Protocol B (Figure  678 6C,6D), i.e. pronounced desynchronization during a single shot, with a tendency to relapse back to 679 the synchronized state while some of the networks remain desynchronized. However, the overall final 680 outcome is rather poor as the corresponding boxplot (blue color) at the end of the CR-off period 681
indicates. stimulation frequency and intensity (Protocol D), we demonstrated that Protocol C enables to 703 significantly improve the long-term desynchronization outcome of both RVS and SVS CR 704 stimulation, even at comparatively short integral stimulation duration. Remarkably, spacing alone 705 (Protocol A) is not sufficient to provide an efficient short-term dosage regimen (Figures 2,3) . In fact, 706
in particular cases fivefold longer stimulation duration might even be more efficient than five 707 consecutive single CR shots with identical integral stimulation duration, at least for RVS CR 708 stimulation (Figures 2B vs 4B) . The low performance of pure spacing (Protocol A) might be due to 709 the low number of single CR shots, here five, as opposed to slightly larger numbers of CR shots, say 710 eight, tested for the case of subcritical CR stimulation before (Popovych et al., 2015) . However, more 711 important might be the approx. fifty-fold longer stimulation and pause duration used for the spaced 712 subcritical CR stimulation protocol (Popovych et al., 2015) . The long spaced subcritical CR 713 stimulation protocol might be beneficial for invasive application, such as DBS, and help reduce side-714 effects by substantially reducing stimulation current intake of the issue. 715
However, computationally we show that a spacing with rigid five-shot timing structure, but 716 flexible, demand-controlled variation of stimulation frequency and intensity (Protocol C) provides a 717 short-term dosage regimen that significantly improves the long-term desynchronization outcome of 718 RVS and SVS CR stimulation (Figures 6-9) . At the end of each pause between CR shots, the 719 stimulus after-effect is assessed. If the desynchronization is considered to be insufficient, a mild 720 variation of the CR stimulation frequency is performed to possibly provide a better fit between 721 network and CR stimulation frequency, without actually adapting the stimulation frequency to 722 frequency characteristics of the network stimulated. If desynchronization is considered to be 723 moderate, the subsequent CR shot is delivered with parameters unchanged. If desynchronization is 724 sufficient, CR stimulation is suspended during the subsequent shot. Intriguingly, in the vast majority 725 of parameters and networks tested, this short-term dosage regimen induces a robust and reliable long-726 lasting desynchronization (Figures 6-9 Demand-controlled variation of CR stimulation frequency and intensity (Protocol D) alone (i.e. 731 without inserting pauses) is not sufficient to significantly improve the outcome of RVS and SVS 732 stimulation (Figures 11,12) . Hence, introducing pauses significantly improves the effect of the 733 demand-controlled variation of CR stimulation frequency and intensity. 734
In principle, stimulation parameters other than the CR stimulation frequency might be varied 735 depending on the stimulation outcome. However, in this study we have chosen to vary the CR 736 stimulation frequency, since the latter turned out to be a sensitive parameter, especially for SVS CR 737 stimulation [see (Manos et al., 2017) ]. In fact, the short-term dosage regimen with demand-controlled 738 variation of stimulation parameters (Protocol C) might help to turn SVS CR stimulation in a method 739 that causes a particularly strong anti-kindling in a robust and reliable manner. 1 ). By the same token, the neuronal firing rates are not significantly altered by the additional 780 periodic force (data not shown). 781
Note, this is not intended to be a comprehensive study of the impact of periodic forcing of 782 arbitrary frequency on the spontaneous or stimulation-induced dynamics of the model network under 783 consideration. Rather, the slow oscillatory forcing is meant to model slow physiological modulatory 784 processes in an illustrative manner. In the extreme case of = 0.004 Hz the slow oscillatory 785 modulation acts on the same time scale as a cycle comprising shot and pause and, hence smoothly 786 emulates the step-wise modulation of the CR stimulation frequency in Protocol C. 787
Conversely, intrinsic variations of sufficient size might naturally mimic variations of the 788 relationship between CR stimulation frequency and intrinsic neuronal firing rates as introduced on 789 purpose in Protocol C. Accordingly, already the purely spaced stimulation without demand-790 controlled variability (Protocol A) might display some variability of the relationships between 791 intrinsic firing rates and CR stimulation frequency simply due to the intrinsic variability. However, at 792 least with the frequencies 0.004 Hz, 4 Hz and 20 Hz in the low-amplitude term = • (2 • • 793
) added to the right-hand side of Equation 1a, we were not able to observe any substantial 794 improvement of the desynchronizing outcome of Protocol A (Supplementary Figure 2) . However, 795 more physiological patterns of firing rate modulations might have a more significant impact on the 796 stimulation outcome of Protocol A. In future studies typical variations of the signals relevant to a 797 particular pre-clinical or clinical application might be taken into account to further improve 798 desynchronizing short-term dosage regimen. The additional periodic forcing considered here was 799 meant to illustrate the stability of the suggested control approach. However, future studies could also 800 provide a detailed analysis of the interplay of one or more periodic inputs and noise, thereby focusing 801 on stochastic resonance and related The short-term dosage regimen proposed here provides a closed-loop CR stimulation concept that 805 enables to significantly increase the robustness and reliability of the stimulation outcome. Our results 806 motivate to further improve the CR approach by closed loop or feedback-based dosage regimen. 807
Compared to the computationally developed initial concept of demand-controlled CR-induced 808 desynchronization of networks with fixed coupling constants (Tass, 2003a; Tass, 2003b) , the focus 809 will now be on a feedback-adjusted modulation of synaptic patterns to induce long-lasting 810 therapeutic effects. Currently, clinical proof of concept (phase IIa) is available for deep brain CR 811 stimulation for the therapy of Parkinson's disease (Adamchic et al., 2014) and acoustic CR 812 stimulation for the treatment of chronic subjective tinnitus (Tass et al., 2012a ). In addition, promising 813 first in human (phase I) data are available for vibrotactile CR stimulation for the treatment of 814
Parkinson's disease showing pronounced and highly significant sustained therapeutic effects (Syrkin-815
Nikolau et al., 2017). For the clinical development of these treatments it is mandatory to perform 816 dose-finding studies (phase IIb) to reveal optimal stimulation parameters and dosage regimens, for 817 comparison see (Friedman et al., 2010) . The latter are required to get properly prepared for large 818 efficacy (phase III) trials (Friedman et al., 2010) . Since CR stimulation modulates complex neuronal 819 dynamics, dose-finding studies are sophisticated, since stimulation parameters as well as dosage 820 patterns have to be chosen appropriately. Selecting appropriate stimulation parameters and dosage 821
regimens by trial and error may neither be effective nor affordable, since it would require a huge 822 number of patients. In contrast, our manuscript illustrates the important role of computational 823 medicine in generating hypotheses for dose-finding studies. Specifically, we show that spacing (i.e. 824
adding pauses in between stimulation epochs) as well as moderate and unspecific parameter 825 variations adapted in the course of the therapy are not sufficient to overcome limitations of CR 826 stimulation. Intriguingly, the combination of both, spacing plus adaptive moderate parameter 827 variation increases the robustness of the stimulation outcome in a significant manner. This 828
computational prediction can immediately be tested in dose-finding studies and, hence, help to 829 optimize the CR therapy, shorten the development time and reduce related costs. 830
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